Background. This study tested two hypotheses: 1) regional left ventricular radius-to-wall thickness ratios (R/T) are uniform in normal subjects, and 2) patients with left ventricular hypertrophy secondary to compensated volume overload normalize global and regional RIT.
ventricular wall stress is relatively uniform.1-3 However, despite general acceptance, these principles have never been examined or confirmed in a clinically relevant setting.
In a related issue, it has been widely accepted that patients with compensated chronic left ventricular volume overload hypertrophy respond to the initial increase in end-diastolic wall stress by subsequently normalizing the global and regional R/T ratios.5-13 Earlier studies have asserted that the hallmark of physiological compensation in patients with volume overload hypertrophy is restoration of the normal RKT ratio. This pattern has been termed "eccentric hypertrophy,"5,79,10,13 and is defined as the "enlargement of the ventricle without change in shape or relative wall thickness."5 Based on this theory, the relation between the ventricular R/T ratio has provided a conceptual framework for explaining the differential genesis of pressure and volume overload hypertrophy states (concentric versus eccentric hypertrophy). [5] [6] [7] [8] [9] [10] [11] [12] [13] In previous studies, the regional R/T measurements were obtained by contrast ventriculography5-7 or echocardiography.4-14 How-ever, the well-known technical limitations of these methods do not permit precise regional measurements of radii and wall thickness as a function of relative three-dimensional apex to base position.
Pursuant to these issues it was the intent of this study to examine the following hypotheses: 1) Regional left ventricular R/T ratios are uniform in normal subjects and in patients with volume overload hypertrophy secondary to hemodynamically compensated aortic insufficiency, and 2) hemodynamically compensated volume overload hypertrophy secondary to aortic insufficiency is characterized by normalization of global and regional R/T ratios.
Ultrafast computed tomography (CT) was used to measure regional left ventricular end-diastolic dimensions and volumes. Ultrafast CT permits polytomographic image acquisition at 17 frames per second, with known and consistent three-dimensional orientation and registration of the images. The spatial resolution is nominally 0.94 mm2/pixel with an effective slice thickness of 10 mm. Additionally, unlike other cardiac imaging formats, the ultrafast CT edge detection algorithm is precise having undergone extensive validation. 15 Using these unique capabilities, we have previously demonstrated that ultrafast CT is a highly accurate means of measuring ventricular volumes and masses independent of geometric assumptions.15-17
Methods

Data Acquisition
The technical details of the ultrafast CT scanner have been previously described. 18 Studies were performed in 13 healthy male volunteers ages 21-36 years (mean age, 23±4 years) who were free of cardiac disease as assessed by history, physical examination, and ECG. Additionally, 18 patients with moderate-to-severe aortic insufficiency were imaged. Informed consent was obtained from all subjects in compliance with protocols approved by investigational review boards at the University of Iowa and Mayo Clinic. Portions of the data from the normal subject group have been previously reported.17 Two studies were excluded from analysis, one secondary to contrast-induced nausea and another because of failure to adequately opacify both ventricular chambers. Thus, 11 normal subjects were analyzed. Eighteen patients with hemodynamically compensated moderate-to-severe compensated aortic insufficiency were evaluated. Isolated aortic valvular insufficiency was confirmed in all subjects by two-dimensional/Doppler echocardiography. Only patients who were functional class II or less, with normal regional wall motion, ultrafast CT-determined global ejection fraction >50%, and a regurgitant fraction of .25% (i.e., moderate or greater severity), were analyzed. Thirteen patients met these criteria. Subjects fasted for 4 hours before study. ECG monitoring provided a physiological trigger for the ultrafast CT. Heart rate and rhythm were monitored continuously. Contrast agent was delivered via an 18-gauge intravenous catheter placed in a right antecubital vein. As previously described,19-21 the subjects were positioned in the scanner to obtain short-axis tomographic images. The first tomographic image was obtained one level below the cardiac apex. Thus, the group could be indexed and compared to a similar anatomical (apical) position. In the normal subjects images were acquired into a 256x256 matrix resulting in an effective resolution of 1.37 mm'/pixel. Patients with aortic insufficiency were imaged using a 360x360 matrix yielding a nominal resolution of 0.94 mm'/pixel.
To ensure adequate opacification for the right and left ventricular cavities, the circulation time was estimated as previously detailed. 13 Global myocardial mass and left ventricular cavitary volume were calculated as the product of their respective planimetered areas, tomographic slice thickness (0.8 cm), and the specific gravity of muscle (1.05 g/cm3) or blood (1.03 g/cm'). To avoid dimensional confusion, the volume/mass relation was expressed as a dimensionless ratio (cm'/cm') rather than as milliliters per gram. Failure to convert myocardial wall volume to myocardial mass by multiplying by the appropriate specific gravities introduces an error of 0.02%.
The geometric configuration of the ultrafast CT target rings results in a 4-mm gap of unscanned myocardium between every third slice.'5 Since only a small portion of myocardial mass and ventricular volume was not directly imaged, mass and volume were accounted for by linear interpolation between the tomographic slices above and below the gap.15 Global left ventricular mass and volume relations were calculated by summating across the individual scans and employing a modified Simpsons' approximation, as previously described. '5-17 At each ventricular level, the cine tomograms were reviewed, and the end-diastolic frames were chosen for specific analysis. According to previously established criteria, the end-diastolic frame was identified as the image with the greatest cavitary volume that occurred within +58 msec of the beginning of the R wave. [15] [16] [17] 20 From these images, the average radii and wall thicknesses at a given tomographic level were determined by two methods. Table 2 . Regardless of the method, significant differences were observed between regional R/T ratios at the most apical levels 6, 7, and 8 compared with those at the basal three tomographic levels (p<0.01). In normal patients, the three lowest tomographic levels corresponded to 24% of the total myocardial mass imaged. When method 1 was used, the apical and penultimate R/T ratios were 60% and 40% smaller than the R/T observed at the cardiac base. With method 2, these same two levels were 48% and 26% smaller than the R/T observed at the cardiac base. Figure 2A illustrates the contours of a composite left ventricle derived from all 11 normal subjects employing both methods 1 and 2. Note that the epicardial and endocardial contours are similar regardless of the method employed. The second-order regression equations and correlation coefficients for the epicardial and endocardial curves are seen in Table 3 .
Ventricular Dimensions in Patients With VolumeOverload Hypertrophy
The mean wall thicknesses in patients with aortic insufficiency were 1.36±0.06 and 1.18±0.07 (p<0.01) for methods 1 and 2, respectively. Method 1 did not demonstrate any significant differences between apical and basal wall thicknesses. However, method 2 demonstrated the expected apical thinning of levels 7 and 8 compared with the upper tomographic levels (p<0.05). At all levels, regardless of the method used, the regional endocardial radii were significantly greater in the volume-overload patients than in normal subjects (p<0.001).
Similar to the pattern in normal subjects, the endocardial radius of curvature at the upper four tomographic levels were relatively uniform whereas these radii varied significantly at levels 5-8 when compared to the base (p<0.01). At the four lowest levels the endocardial radius of curvature, measured by method 2, was significantly larger than that calculated by method 1 (p<O.Ol).
Regional left ventricular end-diastolic R/T ratios in patients with compensated volume overload are tabu- [1] [2] [3] (p<0.01). The images at these four lower levels corresponded to 33% and 35% of myocardium and 25% and 30% of the ventricular volume imaged by methods 1 and 2, respectively. In contradistinction to the pattern seen in normal subjects, significant intermethod variation was observed at the four lowest levels where method 2 resulted in a significantly greater R/T ratio than method 1 ( Table 2) . Figure 2B compares the ventricular epicardial and endocardial contours for methods 1 and 2 in all patients with aortic insufficiency. The regression equations and correlation coefficients for curve fitting these data are seen in Table 3 .
Figures 3A and 3B compare regional R/T ratios between normals and patients with aortic insufficiency. Although data in these figures are identical with those of Table 2 , their graphic representation is intended to highlight the comparison between normal and aortic insufficiency patients with regard to regional differences in R/T ratios. In method 1, the aortic insufficiency patients demonstrated that the R/T ratios at the upper five tomographic levels were significantly greater than the corresponding levels in normals (p<0.01-0.001). The R/T ratio at the base was nearly 1.5 times greater in aortic insufficiency patients as in normals. Method 2 demonstrated significant differences in regional R/T ratios at all eight levels (p<0.01-0.001). Consequently, these data challenge the hypothesis that the R/T ratio normalizes in patients with well-compensated volumeoverload hypertrophy.
Regional Left Ventricular Mass and Volume in Normal Subjects
The mean global volume/mass ratios for methods 1 and 
Discussion
This study underscores four major findings. In normal subjects, regional left ventricular end-diastolic R/T ratios vary as a function of the relative base-to-apex tomographic position. Therefore, the hypothesis stating that regional R/T ratios are homogeneous cannot be substantiated.
The hypothesis stating that global and regional R/T ratios normalize in patients with volume overload hypertrophy cannot be supported. Both global and regional R/T ratios were significantly greater in patients with compensated aortic insufficiency than those found in normal subjects. However, the pattern of regional R/T ratios in both normals and the aortic insufficiency patients was similar, suggesting a degree of chamber homology.
In normal subjects, regardless of the method of analysis, regional left ventricular short-axis tomographic mass always exceeds its corresponding ventricular volume.
In contradistinction to the normal pattern, regional left ventricular volume exceeded corresponding mass at the upper ventricular levels in subjects with compensated volume overload hypertrophy. The magnitude of this difference was greatest at the basal portions of the left ventricle where volume exceeded mass by as much as 44%.
Regional RI T in Normals and Patients With Aortic Insufficiency
There is little prior information regarding the normal pattern of in vivo regional RJT ratios in normal subjects and those with volume-overload hypertrophy. It has been postulated that normal base-to-apex thinning of the myocardium is related to maintenance of a constant regional R/T ratio that in turn might aid in maintaining normalized regional wall stress.1-4 However, the findings of this study fail to support this hypothesis. It was observed in normal and hypertrophied volume-overloaded ventricles that regional left ventricular R/T ratios progressively increase from apex to the mid ventricular level. From mid level to the base, R/T remains relatively constant. For example, with method 1, R/T at the apex and penultimate levels were 2.54 and 1.64 times greater than those found at the base. Using In a pattern similar to that in normal subjects, the RIT ratios in patients with compensated aortic insufficiency were relatively uniform at the upper three or four tomographic levels and progressively decreased toward the apex (Table 2) . However, the R/T ratios at the lowest four levels were significantly smaller than those of the base. With method 1, the R/T ratio at the base was 3.52 and 2.57 times greater than that observed at the apex and penultimate levels, respectively. With method 2, the basal values were 1.98 and 1.59 times greater than the apical and penultimate levels. It is hazardous to infer patterns of wall stress from these data without the corresponding instantaneous cavitary pressure. Nevertheless, the regional variability of R/T ratios suggests that wall stress may be regionally heterogeneous in both normals and patients with compensated volume overload hypertrophy. However, in addition to chamber pressure, radius, and wall thickness, longitudinal and shear deformations may be important in determining the overall regional stress. Recent studies have demonstrated regional differences in cardiac twist, suggesting that shear forces may also be heterogeneous. Whether these additional variables might compensate for regional differences in the R/T ratio, thus resulting in a more homogeneous distribution of stress, is unknown. [28] [29] [30] Global and Regional RIT Ratios Measured by Ultrafast CT
The ultrafast CT measurements of regional R/T ratios at the base are significantly different from the results of earlier studies. In the seminal study by Grossman et al,7 the mean end-diastolic R/T ratios in normals and aortic insufficiency patients were both 2.9±0.02 (reported as T/R ratio of 0.34). Since the R/T ratios in normal and the volume overload patients were identical, the authors concluded that the hallmark of compensated volume overload was the normalization of the R/T ratio. However, the validity of their data and subsequent conclusions must be doubted because the geometric conversion of this R/T ratio translates into a left ventricular volume exceeding the mass by a ratio of 1.24:1. Similarly, Gaasch et al9"10 observed an R/T ratio in normals of 2.98, which translates into left ventricular volume exceeding mass by a ratio of 1.28:1. However, because normal left ventricular mass always exceeds its corresponding volume, these ratios and attendant conclusions are likely to be in error. The R/T ratios reported in these older studies were obtained from single M-mode echocardiographic measurements. Thus, it is likely that the normal R/T ratios were overestimated as a consequence of lack of standardization of echocardiographic measurement criteria and M-mode orientational ambiguity. In contrast to these earlier studies we observed the R/T ratio at the base of the normal heart to be 2.05+0.1, which is similar to the reported postmortem R/T value of 1.9.31Consequently, the hypothesis that the R/T ratio normalizes in patients with compensated volume overload should no longer be accepted.
In patients with aortic insufficiency and varying degrees of ventricular function prior studies measured equatorial R/T ratios between 3.3 and 3.4.79 In the present study, the mean R/T ratios at the cardiac base were 3.1 and 3.2 by methods 1 and 2, respectively. As a consequence of the normal base-to-apex variability, the global R/T ratios were much smaller, 2.18 and 2.55, with methods 1 and 2, respectively. Thus, because the R/T ratio varies relative to cardiac position, a single radius and wall thickness measurement at the cardiac base will overestimate the average R/T ratio and cannot be used to characterize global R/T values.
Regional Variability of RB T Ratios
Previous studies have suggested that R/T and volume-to-mass ratios are regionally constant throughout the left ventricle.1-4,32,33 However, in vivo measurements of these indexes have not been made in either the normal or volume-overloaded ventricles. Janiki et al32 '33 analyzed the left ventricular volume/mass relation in extirpated dog hearts. From their observations, they concluded that the average R/T ratio (and consequently wall stress) was homogeneous over the basal one half of the heart and was more variable at the lower ventricular levels. They attributed this variability to inadvertent inclusion of extraneous papillary muscle mass, thus increasing the apparent wall thickness. However, the degree to which this additional mass actually altered the volume/mass ratio was not addressed or quantified. In contrast, we excluded all visible papillary muscle before analysis and still found R/T to be variable. Furthermore, the greatest variability in R/T ratios was found at the three lowest tomographic levels, whereas in humans we observed little papillary muscle mass. Finally, the reliability of data obtained from examining a limited number of formaldehyde-fixed canine hearts that undergo unpredictable postmortem morphometric changes must be approached with great caution.
Volume-to-Mass Relation
The values for the normal global volume/mass relation reported in this study are in concert with previous investigations,14,2'-23 although comparative studies analyzing regional volume/mass variability are lacking. The volume/mass relation conveys additional information that is not readily apparent from its related R/T ratio. For example, although the volume/mass ratio is regionally variable in normals, the absolute difference between regional mass and volume was relatively constant ( No attempts were made to determine a "true central axis" for reconstruction of the left ventricle since there is little consensus regarding the preferred axis.33 Imaging the heart from base to apex with multiple fixedplane detectors results in acquisition of lower-level tomographic scans that become progressively more oblique with respect to the basal short-axis view. In normal subjects, "planar" (method 1) imaging resulted in a mild overestimation of wall thickness and underestimation of radius of curvature at the lower ventricular levels. The mean out-of-plane angles ranged from -2°at the base to +28°at the apex (Figure 2A ). Since the meridional radius of curvature is gentle in normals, methods 1 and 2 yielded nearly identical results. Patients with aortic insufficiency demonstrated a steeper base-to-apex radius of curvature. In these patients, the mean out-ofplane angles ranged from -6°at the base to +440 at the apex ( Figure 2B ). The more severe meridional radius of curvature ultimately results in a greater tomographic obliquity at the lower ventricular levels. This obliquity of tomographic images results in an underestimation of the expected cavitary radius and an overestimation of the wall thickness at the lower tomographic levels.
An explanation for these findings may be found in Figure 1 . Imaging the heart with ultrafast CT is analogous to sectioning an egg, placed obliquely, in a hardboiled egg slicer. Since each slice (tomogram) cannot be acquired exactly perpendicular to the endocardium, the orthogonally reconstructed slices will at times (and to varying degrees) overestimate ventricular radius (and volume) and underestimate wall thickness (and mass) when compared to the uncorrected axial tomogram. This occurs as a consequence of imaging the myocardium at rigid intervals, with relatively thick voxels. The meridional radius of curvature, progressively increases from the upper mid ventricle to the apex that corresponds to levels 3-5, which is the greatest slope of transition in both normals and aortic insufficiency patients. Thus, as illustrated in Figure 1 at level 3, the myocardium will be underscanned and the ventricular cavity oversampled when orthogonally correcting axial data. Likewise, the greatest disparity between axial and orthogonal data will be found when measuring the wall thickness and radius at the apical levels. Similar findings were recently observed by Beyar et al,34 who demonstrated in normal dog hearts that planar acquisition introduced a bias which tended to overestimate wall thickness as compared to methods that measure it perpendicular to the endocardium.
It is unclear which, if any, of the two methods employed is most applicable for measuring regional radius, wall thickness, or R/T ratios or calculating wall stress. If a modified Laplacian theorem is to be applied, then these indexes must be calculated perpendicular to the endocardial surface. Thus, the greater volume defined by the orthogonal method may represent the "effective" volume (load) exerted and distributed over the "effective" wall thickness (myocardial mass). Advantages and Limitations of Ultrafast CTfor Measuring the Volume/Mass and RIT Ratios Imaging the heart with ultrafast CT permits acquisition of multiple, serial, real-time tomographic images that are parallel, spatially oriented, and registered to each other. The favorable spatial resolution and known tomographic slice thickness facilitate accurate edge detection, permitting faithful measurement of ventricular mass and volume independent of geometric assumptions. '5-17 Additionally, this technique is relatively noninvasive and can be performed on an outpatient basis. The need for ionizing radiation and iodinated contrast agents are a minor limitation of the technique. The risk-benefit ratio of studying patents with moderate renal insufficiency, contrast allergy, or irregular cardiac rhythm should be carefully weighed.
In this study, radius and wall thickness measurements were derived from the appropriate planimetric surface areas. Converting cross-sectional area to mean radii and wall thickness is preferable to discrete linear sampling of radius and wall thickness. As previously demonstrated,35 a 3-mm error in wall thickness results in a 29% error in calculated ventricular volume and a 21% error in myocardial mass. In this study, the normal subjects were imaged employing a spatial resolution of 1.4 mm'/pixel. Thus, if absolute linear measurements had been employed, a random error of one pixel would translate into a 10% and 15% error in volume and mass, respectively. To minimize random errors in edge placement, radius and wall thickness were measured from the planimetric myocardial area.
Two different contrast agents were used in this study. When the normal subjects were scanned, only ionic contrast agent was commercially available. With the availability of nonionic agents, all further ultrafast CT studies were performed with these agents. Although it is unfortunate that two different contrast agents were used, it is unlikely that the ionic agent would significantly alter the results and conclusions of this study for the following reasons: 1) Measurement of myocardial mass and wall thickness is not affected by the type of contrast agent used. The initial validation studies demonstrating the precision and accuracy of ultrafast CT measurements of myocardial mass were performed with the ionic contrast agents Renografin 76,15 and 2) unlike traditional contrast ventriculography where large volumes of contrast are rapidly injected into the central circulation, in this study contrast was injected into a peripheral vein, at much reduced rate (over [15] [16] [17] [18] [19] [20] seconds) and at a much lower dose (0.35 ml/kg). Administering ionic contrast at a rate of 2-3 ml/sec is devoid of significant hemodynamic effect in normal subjects. Thus, although it is best to avoid high-osmolarity ionic agents, it is unlikely that these agents, in normal subjects and in the doses used, would have significant impact on the measurement of ventricular volumes and masses in normal subjects.
When calculating average dimensions for a given tomographic level, it is difficult to perfectly align comparable tomographic slices from other ventricles because each heart is a different length. To 
